Introduction {#sec1}
============

Over the recent decades, the interest in natural resource conservation has increased; thus, almost all industries and chemical plants have begun to apply sustainability criteria in process design. Along with an adequate disposition of resources, there are also concerns related to an increase in the world energy demand, which has raised greenhouse gas (GHG) emissions.^[@ref1]^ In this regard, CO~2~ emissions to the atmosphere have increased since the last century, mainly due to the overuse of fossil fuels, along with the economic activities related to sectors such as chemical industries, agriculture, resource exploitation, among others.^[@ref2]^ In this sense, biofuels have emerged as an essential alternative to complement energy generation and pollution mitigation. There is a positive projection regarding biofuels because these substances can mitigate fossil fuel dependence, along with the reduction of environmental impacts and emissions of chemicals derived from the decrease in the exploitation of such resources.^[@ref3]^ For biofuel production, there are some key aspects closely related to the identification of biomass material and the definition of biorefinery technologies and processes. The above is crucial considering the relevance, suitability, and economics of the available alternatives.^[@ref4]^

Consequently, the selection of processing routes for a biorefinery configuration becomes an essential task, which necessarily has to consider overall process sustainability. Therefore, there is a real motivation in the formulation of biorefinery synthesis and optimization models to support the decision-makers in the development of engineering projects. This goal comprises mathematical tools and methods for the selection of raw materials, processing pathways, and products.^[@ref5]^ Likewise, this study tries to achieve this goal, presenting a way for the synthesis and evaluation of biorefinery configurations under sustainability parameters.

Due to the enormous number of possible alternatives and combinations of processing pathways that could be considered for adoption in biorefinery design, there is a growing number of studies addressing biorefinery synthesis and optimization and examining sustainability objectives.^[@ref6]^ Bao et al.^[@ref7]^ proposed a shortcut method for the preliminary synthesis of processing routes focusing on the optimization and application of the conceptual design of integrated biorefineries. Sengupta^[@ref8]^ conducted a compilation of suitable raw materials, pathways, and biorefinery products related to sustainability-based processes using renewable biomasses. Pham and El-Halwagi^[@ref9]^ addressed a process synthesis model for biorefinery configurations. González-Delgado et al.^[@ref10]^ proposed a process synthesis model for a microalgae-based biorefinery based on combined forward--backward screening and superstructure approach. A mathematical programming method for bioprocess-based synthesis was introduced by Bonatsos et al.,^[@ref11]^ which considers detailed design data and accurate cost estimation.

As described, some studies on biorefinery synthesis have addressed models under single- or multiobjective optimization, calculating profits, environmental impacts, risks, among others. Regarding the above, it is apparent that studies considering further process evaluation or sustainability assessment of synthesized processes in the same methodology are extensively absent. Therefore, this study presents a novel method that combines biorefinery synthesis and optimization along with process evaluation and sustainability measurement using technical analyses and a weighted metric. In this sense, the fundamental goal is to design more sustainable biorefinery pathways in terms of profits and environmental impacts and also consider the energy distribution and safety issues of the plant.

Furthermore, environmental impact evaluation has been incorporated in the process synthesis approach considering emissions and impact mitigation.^[@ref12]^ Stefanis et al.^[@ref13]^ introduced the life cycle analysis in the optimization framework showing the advantages of the application of multiobjective functions for the design of processes. Zondervan et al.^[@ref14]^ synthesized optimal processing routes for ethanol, butanol, and succinic acid production through biorefinery optimization based on a mixer integer nonlinear programming (MINLP) model. Shabbir et al.^[@ref15]^ developed a fuzzy optimization biorefinery synthesis model considering environmental and economic performance. Andiappan et al.^[@ref16]^ proposed a multiobjective optimization approach considering economic, environmental, and energy parameters for synthesizing an integrated biorefinery. Meramo-Hurtado et al.^[@ref17]^ introduced the evaluation of potential environmental impacts (PEI; along with exergy losses and profits) for biorefinery synthesis considering a three-dimensional (3D) multiobjective optimization.

The operation of biorefineries requires the use of high amounts of resources (such as freshwater, utilities, among others), so the evaluation and diagnosis of topologies is a crucial aspect regarding sustainable design. In this regard, the literature reports several studies addressing the role of process evaluation and analysis to measure sustainability performance. Ruiz-Mercado et al.^[@ref18]^ reported several indicators to assess process sustainability considering economic, exergy/energy, environmental/safety, and technical parameters. Carvajal et al.^[@ref19]^ used techno-economic and environmental analyses to compare lignin extraction processes. García Carlos et al.^[@ref20]^ performed energetic and environmental assessments of thermochemical and biochemical routes for producing energy from agricultural residues. Exergy evaluation, along with techno-economic analysis, was used for assessing industrial production processes.^[@ref21]^ Ojeda et al.^[@ref22]^ developed an exergy analysis and process integration (heat integration) of different pathways for bioethanol production using acid pretreatment to identify the best route between separate hydrolysis and fermentation, simultaneous saccharification and fermentation, and simultaneous saccharification and co-fermentation technologies. Moreover, a multidimensional sustainability assessment was proposed to assess Fischer--Tropsch fuel processes considering economic, environmental, energy, and, also, social indicators.^[@ref23]^

There is an increasing awareness to generate novel ways for producing biofuels and chemicals from renewable materials based on the development of process and biorefinery synthesis methods along with new tools for the evaluation of biomass transformation processes under sustainability parameters. Therefore, this study presents an optimization design approach for multifeedstock biorefinery configuration synthesis. Also, an optimal topology (synthesized by the solution of the model) is evaluated using technical analyses under environmental, economic, and safety parameters. The proposed model considered a case study according to the availability of agricultural wastes in the north Colombia region. For this purpose, production data and reports from government institutions were compiled for the most recent years, to establish real-approximate scenarios for the Colombian case.

Results and Discussion {#sec2}
======================

The proposed case study took into account the reported production of agricultural residues generated in the northern zone of Colombia. The method required the selection of different processing routes for production of desired biorefinery products. In this sense, ethanol and succinic acid were chosen due to the high yield production rate of these substances (and the possibility of their simultaneous synthesis) from corn stover.^[@ref24]^ The next step implied the selection of hydrogen, bio-oil, and biogas because these chemicals have great potential for energy generation or cogeneration in biorefinery processes.^[@ref25]^ Bio-oil can also be considered as an essential intermediate in the production of petrochemical products.^[@ref26]^ Levulinic acid is classified by the United States Department of Energy as one of the top 12 biorefinery products, and it is also considered as an essential intermediate for the production of several compounds with application in many industries.^[@ref27]^ Finally, butanol was selected as a potential biorefinery product because it has become a substitute for fossil fuels, and this substance shows several advantages compared to other biofuels.^[@ref28]^[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the assignation for *b*, *k*, and *p*.

###### Indexes for *b*, *k*, and *p* Parameters

  *b*   biomass         *p*   pathways              *k*   products
  ----- --------------- ----- --------------------- ----- ----------------
  1     corn stover     1     fermentation          1     ethanol
  2     rice chaff      2     dark fermentation     2     hydrogen
  3     banana rachis   3     acid dehydration      3     succinic acid
  4     cassava waste   4     anaerobic digestion   4     biogas
  5     cocoa husk      5     pyrolysis             5     bio-oil
                        6     ABE fermentation      6     butanol
                        7     gasification          7     levulinic acid

The lignocellulosic raw material mainly contains cellulose, hemicellulose, and lignin; therefore, the mathematical expression for raw material mass flow, *F~b~*, can be rewritten, as shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.where *F~q~b~~* is the mass flow of a carbohydrate for each bioresource, while *n*~*qb*~ represents the mass fraction of cellulose (*q* = 1), hemicellulose (*q* = 2), or lignin (*q* = 3) for each bioresource *b*. A linear programming problem (see the [Methodology](#sec4){ref-type="other"}section) is formulated, considering an objective function for simultaneous minimization of AI (Environmental Impacts) and maximization of *E* (gross profit), with 35 unknowns (*x*~*b*~^*p*^) subject to non-negativity restrictions (*x*~*b*~^*p*^ ≥ 0), market demand constraint (*J*^*k*^ ≤ *J*~max~^*k*^), and the availability of raw materials (*F~b~* ≤ *F*~*b*~max~~). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the superstructure corresponding to the addressed case study, which represents the selection of bioresources, routes, and products. This arrangement comes from a generic superstructure (see the [Methodology](#sec4){ref-type="other"} section), which allows establishing the mass balance equations. Finally, it considered the assignation of the parameters of each layer for this case study.

![Defined superstructure for the proposed case study.](ao0c00114_0001){#fig1}

The model uses hypothetical scenarios based on production and sales reports, among others, to determine market demand for biorefinery products, which include reports on bioethanol sales in Colombia, provided by the National Federation of Biofuels, and the natural gas demand data for 2015, reported by the Mining and Energy Planning Unit (UPME), among others.^[@ref33]^[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the reported prices and demand scenario for biorefinery products.

###### Prices and Demand Scenario for Selected Biorefinery Products

  product          ***J***~**k**~^**max**^ (t/y)   ***C***~***k***~ (USD/kg)   scenario                                                                            refs
  ---------------- ------------------------------- --------------------------- ----------------------------------------------------------------------------------- ------------
  ethanol          81 400                          0.971                       25% of sales for Colombia in 2016                                                   ([@ref29])
  butanol          30 000                          2.742                       1% of world demand                                                                  ([@ref30])
  hydrogen         16 175                          2.453                       25% of equivalent production for Colombia                                           ([@ref5])
  biogas           197 930                         0.444                       10% of the demand for natural gas in Colombia for 2015                              ([@ref31])
  levulinic acid   22 500                          5.006                       1% of world demand                                                                  ([@ref32])
  succinic acid    120 000                         2.861                       1% of world demand                                                                  ([@ref30])
  bio-oil          203 170                         0.725                       10% of crude oil production of Ecopetrol[a](#t2fn1){ref-type="table-fn"} for 2017   ([@ref7])

Colombian Petroleum Company.

Also, the model evaluates the economic objective in terms of the annual profit from the sales, raw material costs, and production costs. [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} provides information about the costs of selected biorefinery routes, while [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} reports the prices for raw materials.

###### Cost of Selected Biorefinery Processing Routes

  product          route                 ***C***~***kbp***~ (USD/kg)   refs
  ---------------- --------------------- ----------------------------- ------------
  ethanol          fermentation          0.36                          ([@ref5])
  succinic acid    fermentation          0.38                          ([@ref24])
  hydrogen         dark fermentation     1.75                          ([@ref34])
  butanol          ABE fermentation      1.24                          ([@ref35])
  biogas           anaerobic digestion   0.36                          ([@ref7])
  levulinic acid   acid dehydration      0.50                          ([@ref32])
  bio-oil          pyrolysis             0.28                          ([@ref7])
  hydrogen         gasification          0.39                          ([@ref7])

###### Cost of Selected Bioresources

  bioresource     price (USD/kg)                          refs
  --------------- --------------------------------------- ------------
  corn stover     0.033                                   ([@ref24])
  cassava waste   0.023                                   ([@ref5])
  banana rachis   0.020[a](#t4fn1){ref-type="table-fn"}    
  cocoa husk      0.020[a](#t4fn1){ref-type="table-fn"}    
  rice straw      0.005                                   ([@ref36])

For these residues, reported information about their prices was not found. We assumed an average from the other residues.

Otherwise, the method requires information about the potential environmental impacts of each biorefinery product and raw material. [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} shows the specific PEI for biorefinery products, and [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"} reports specific PEI for selected bioresources.

###### PEI of Biorefinery Products

  products         ***A***^***k***^ (PEI/kg)   products         ***A***^***k***^ (PEI/kg)
  ---------------- --------------------------- ---------------- ---------------------------
  ethanol          0.51                        furfural         5.80
  butanol          1.37                        carbon dioxide   0.0003
  succinic acid    0.17                        hydrogen         0.00
  acetic acid      0.34                        bio-oil          0.84
  formic acid      0.39                        biogas           0.01
  levulinic acid   0.20                                          

###### PEI of Biorefinery Raw Materials

  raw material    ***A***~***b***~ (PEI/kg)
  --------------- ---------------------------
  corn stover     0.108
  rice chaff      0.103
  banana rachis   0.079
  cassava waste   0.079
  cocoa peel      0.106

Also, the environmental objective evaluates the generation of environmental effects from the operation of the biorefinery. These effects calculate the associated PEI using a basis of 1 kg/h of the produced product. [Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"} shows the rate of generated PEI for each screened biorefinery processing route.

###### PEI of Biorefinery Processing Routes

  process               ***A***~***p***~^***k***^ (PEI/(kg/h))   basis
  --------------------- ---------------------------------------- -----------------------
  fermentation          0.90                                     1 kg/h ethanol
  fermentation          1.06                                     1 kg/h succinic acid
  dark fermentation     9.05                                     1 kg/h H~2~
  acid dehydration      6.14                                     1 kg/h levulinic acid
  ABE fermentation      0.67                                     1 kg/h butanol
  anaerobic digestion   0.74                                     1 kg/h biogas
  pyrolysis             6.22                                     1 kg/h bio-oil
  gasification          44.70                                    1 kg/h H~2~

According to the development of the optimization model, mathematical expressions were obtained for the multiobjective function and constraints established due to the availability of raw materials, conversion yields, costs, and potential environmental impact (PEI). The ε-constraint method is used to determine an optimal set of solutions that meets both environmental and economic objectives. Also, it provides the data for the construction of a Pareto curve that allows selecting an optimal design alternative.^[@ref37]^ The open software LINGO 17.0 is used for the solution of the formulated optimization problem. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the solution Pareto curve, indicating point A to reflect the minimum environmental impacts at the cost of the minimum economic benefits.

![Optimal Pareto solution curve.](ao0c00114_0002){#fig2}

The economic performance at this point is 25.54 million USD/y, which represents approximately 9% of the maximum. Point C of the curve shows the maximum economic benefits (284.8 million USD/y) at the cost of maximum environmental impacts, with a value of 1.147 × 10^9^ PEI/y, which would imply an increase of almost 12 times compared to the minimum. The outcomes for point C showed that the biorefinery with the highest economic potential would comprise (i) fermentation (345 763 t/y of cassava waste), (ii) acid dehydration (185 605 t/y of banana rachis), (iii) pyrolysis (236 117 t/y of corn stover, 178 612 t/y of rice chaff, 7842 48 t/y of banana rachis, and 2623 t/y of cocoa husk), and (iv) acetone--butanol--ethanol (ABE) fermentation (67 968 t/y of banana rachis and 51 665 t/y of cassava waste). Otherwise, point A (minimal environmental impacts) showed a biorefinery that would be composed of (i) anaerobic digestion (236 112 t/y of corn stover, 178 612 t/y of rice chaff, 55 640 t/y of cassava waste, and 2623 of cocoa husk), (ii) pyrolysis (7842.48 banana rachis), and (iii) ABE fermentation (253 573 t/y of banana rachis and 341 789 of cassava waste). It is essential to realize that the Pareto curve shows a set of optimal solutions that tradeoff both objectives simultaneously. The selection for the best solution can be made based on the requirements that best fit sustainability objectives. The development of the process synthesis model requires the choice of one scenario or solution to develop the sustainability assessment, represented by point B or case B. The optimization problem is solved using the extreme points of both objectives expressed at points A and C. The model constructs the curve ranging from the upper to lower values for the environmental target. The ε-constraint method converts the environmental goal into a constraint, which allows knowing how profits and PEI are changing within the evaluated range. This procedure generated data about the behavior of both objectives, which helped us to make the selection of case B, aiming at the maximum possible profits at a lower cost of outgoing environmental impacts of the process. The outcome offered by point B described better the aforementioned condition. [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"} shows the raw material flows obtained for case B. It represents a solution that posts 30% of the maximum environmental impacts with a corresponding economic performance equal to 85.30% of the maximum. Case B shows the biorefinery pathways that comprise this scenario. These include the following subprocesses: (i) fermentation, (ii) acetone--butanol--ethanol (ABE) fermentation, (iii) acid dehydration, and (iv) gasification. This optimal biorefinery comprises three biochemical operations and one thermochemical technology. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} displays the simplified block diagram of biorefinery case B. Compared with the extreme points (A and C), only ABE fermentation technology remains as a subprocess for these biorefineries, with the highest total processing capacity (595 362 t/y) corresponding to the design with the minimum environmental impacts. This mass flow for case B represents a decrease of 79.51% with respect to this value for point A. Furthermore, the main difference between the technologies that comprise points C and B is that the first one considers the operation of a pyrolysis unit, while the second one changes that subprocess for a gasification stage (the mass flow of each feedstock also varies between these designs).

![Simplified block diagram of biorefinery case B.](ao0c00114_0003){#fig3}

###### Total and Specific Mass Flow of the Raw Material for Optimal Case B

  subprocess         overall mass flow (**t**/**y**)   bioresource flow (**t**/**y**)   
  ------------------ --------------------------------- -------------------------------- ---------------
  gasification       478 257                           236 112                          corn stover
                                                       178 612                          rice chaff
                                                       60 910                           banana rachis
                                                       2623                             cocoa husk
  acid dehydration   132 015                           132 015                          banana rachis
  ABE fermentation   121 962                           121 962                          cassava waste
  fermentation       343 958                           68 491                           banana rachis
                                                       275 467                          cassava waste

Fermentation {#sec2.1}
------------

This subprocess was simulated based on the processing capacities (for each biomass) reported in [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"}. Due to the molecular structure of carbohydrates that comprise lignocellulosic biomass, a prehydrolysis stage enhances the formation of C6 and C5 sugars. In this sense, the process pathway starts with the simulation of the acid pretreatment unit, which operates under the following conditions: (i) the use of a dilute acid solution (H~2~SO~4~ at 0.5 wt %) and (ii) a solid concentration of 22 wt % in the reactor. The reaction mechanisms for this system occur at 190 °C and 13 atm.^[@ref24]^ The outlet stream of the reactor is sent to a flash cooler to reach environmental temperature and pressure conditions. Large amounts of 5-hydroxymethylfurfural (HMF), furfural, and acetic acid are separated, so these substances are subsequently condensed and directed to wastewater treatment. A scrubber filter mixes and separates the hydrolysates for splitting the solids and liquids. Solids (mainly composed of nondegraded cellulose) are separated and further treated in the enzymatic hydrolysis unit for glucose production.^[@ref38]^ Besides, the liquid stream continues to an ion-exchange unit for acetic and sulfuric acid removal; it requires the addition of an ammonia solution with a proportion of 1.1 N/N of removed ions. Subsequently, this mixture is overlimed with CaOH. For this purpose, an inlet flow of lime raises the pH to 10, and then, a heat exchanger heats the flow to 50 °C. This path forms gypsum as an undesired product. Finally, a hydrocyclone unit rejects about 99.5% of this substance.^[@ref39]^ Besides, the other process line comprises the transport of the treated liquid stream for further pentose fermentation.

After pretreatment operations, a delignification unit separates the solubilized lignin from the pentose-rich mixture. The flow continues to the fermenter unit where the xylose and a small portion of glucose react to form ethanol, along with byproducts such as succinic acid, acetic acid, lactic acid, and carbon dioxide. There are different microorganisms used for the formation of ethanol, which allows the degradation of sugars of five and six carbons. This process simulation used the recombinant *Zymomona mobilis* for fermentation purposes. This microorganism can degrade carbohydrates with yields of up to 95% for ethanol production from glucose and 85% from xylose.^[@ref24]^ The fermentation broth, with a high content of carbon dioxide and water, is sent to the beer column to remove CO~2~ and other gases.^[@ref40]^ Due to the volatility of ethanol, the downstream processing requires the use of a scrubber unit. It separates the gas phase from the main flow to avoid product losses. The bottom flows of each tower are collected and mixed, obtaining a treated stream with a concentration of ethanol of about 8 wt %. The mixture reaches the azeotrope concentration formed between ethanol and water in the distillation tower.^[@ref41]^ Then, incorporation of a specific separation system is needed to obtain the product with high purity. Kang et al.^[@ref42]^ reported that through the use of molecular sieve units, a concentration of 99.7 wt % of ethanol could be achieved. Hence, the separation sequence of this topology ends considering the simulation of this type of unit.

In the hexose fermentation unit, C6 sugars are converted into succinic acid as the main product, while acetic acid is formed as a byproduct. Okino et al.^[@ref43]^ reported the use of the recombinant *Corynebacterium glutamicum* microorganism, which can transform glucose into succinic acid with a yield of 0.7 kg/kg under anaerobic conditions and high CO~2~ concentration. The sodium succinate formation pathway allows the purification of succinic acid. In this regard, an evaporator separates water, oxygen, and carbon dioxide from the mainstream, which contains the produced succinic acid (and the other byproducts). The bottom contents of the evaporator are cooled to 30 °C and filtered. This results in the separation of the solid phase from the gas phase, along with a significant portion of the residual liquids.^[@ref44]^ To recover succinic acid, H~2~SO~4~ reacts with sodium succinate, resulting in the precipitation of sodium sulfate, for further filtration. Finally, the product stream is brought to vacuum distillation for moisture removal, yielding succinic acid at a concentration of 98.5 wt %, and a crystallizer solidifies the product under 4 °C.^[@ref14]^

ABE Fermentation {#sec2.2}
----------------

This section of the optimal biorefinery was simulated considering a processing capacity of 121 962 t/y of cassava waste, according to the data reported in [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"}. As performed for fermentation, this unit requires the operation of a pretreatment or prehydrolysis stage to increase substrate digestibility. Therefore, the simulation of this section implies the same conditions and operations used for alcoholic fermentation. Similarly, solids with high cellulose content pass to enzymatic hydrolysis to produce glucose. The ABE fermentation unit digests both glucose and xylose in the same reaction system, which requires a temperature of 35 °C and 1 atm.^[@ref45]^ Qureshi et al.^[@ref46]^ reported high yields in ABE production using *Clostridium*, with a production percentage of 50%. Due to the mixture formed between ABE products and residual gases (like CO~2~, H~2~, or O~2~), a gas-stripping unit is coupled at the end of the fermentation stage for dragging the desired products into the gas phase (it uses N~2~ or fermentation gases), which allows the separation of butyric acid and other unwanted byproducts that remain in the liquid phase.^[@ref47]^ Otherwise, a condenser decreases the temperature to −10 °C (under 1 atm), which allows the separation of the gas stream in a further flash separator unit. The above operation allows isolating condensed gases such as H~2~, CO~2~, and N~2~ from the liquid phase, which is rich in ABE products and water.^[@ref48]^ The process continues to a double-effect distillation stage, which comprises a series of distillation towers for the extraction of acetone, ethanol, and butanol. The first one is the beer column, which removes a high amount of water, increasing butanol concentration.

Given that a small portion of CO~2~ is solubilized in the mixture, the process uses a flash separator for rejecting this gas from the main flow. Otherwise, the bottom stream (liquid stream) is sent to the acetone column (which operates under 0.7 atm), so the acetone-rich distillate stream is compressed to bring the flow to atmospheric conditions.^[@ref49]^ Finally, the distillate stream from the acetone column is sent to a flash separator that raises acetone from a concentration of 85 to 97 wt %. The bottom contents of the acetone tower are sent to the ethanol column to recover an amount of this product. In this part, the molecular sieve unit (in the alcoholic fermentation) also purifies the distillate rich in ethanol, taking advantage of its features. The process incorporates a decanter unit to overcome the heterogeneous azeotrope formed by water and butanol (the bottom contents of the ethanol tower).^[@ref50]^ It divides the flow between the organic-rich mixture (77 wt % of butanol) and water-rich mixture. The butanol tower treats the organic mixture to purify this main product up to 96.7 wt %. The recirculation of the distillate stream allows the maximization of the product recovery.

Acid-Catalyzed Dehydration {#sec2.3}
--------------------------

This topology processes a feedstock flow of 132 015 t/y banana rachis (primary raw material). For this process, the lignocellulosic biomass was pretreated to increase the availability of sugars of five and six carbons (as described for the previous processes). Acid-catalyzed dehydration involves the degradation of reducing sugars through the use of an acid catalyst (H~2~SO~4~). Therefore, xylose and glucose streams before entering the reactor system are mixed with the catalyst and subsequently heated to 180 °C.^[@ref51]^ It operates at 14.80 atm, forming levulinic acid from the dehydration of glucose. The reaction mechanism involves dehydration of C6 sugars to form HMF. This allows the formation of levulinic acid (along with formic acid) by rehydration of HMF. Otherwise, xylose is dehydrated to form furfural.^[@ref52]^ The outlet stream is cooled to 30 °C and sent to the purification stage. This operation is carried out in an arrangement of two distillation towers (in series), obtaining levulinic acid from the bottom of the second column at a concentration of 98.5 wt %.^[@ref32]^

Gasification {#sec2.4}
------------

This design can process a total amount of 478 257 t/y in a multifeed system using a mixture of corn stover, rice chaff, banana rachis, and cocoa husk. The above comprises the solution of the model given in [Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"}. Such feedstock flows are mixed and sent to a dryer unit to reduce moisture content.^[@ref53]^ The dried stream is directed to the gasifier reactor under 750 °C and 1 atm. As a result of the gasification, solid and gas phases are generated. They are separated using a cyclone unit. The gas flow is flash-cooled to 15 °C, allowing the condensation of a high amount of water. This processing pathway incorporates an injector unit for rejecting CO~2~, which uses water as an absorbent medium. The injected flow is compressed to 6 bar and sent to a separator tower for the rejection of CO~2~.^[@ref54]^ The water gas shift reaction increases H~2~ production. It involves the formation of H~2~ (and CO~2~) from the equilibrium reaction of CO and H~2~O. Product formation is favorable at conditions of 205 °C and 32 atm. The employed model to simulate the reactor in Aspen Plus is the Rstoic model, which uses the thermodynamic parameters of equilibrium reactions. Because of CO~2~ formation in the water gas shift system, the process uses an amine absorption unit. It allows the H~2~ purification, yielding this substance with a concentration of 97% in volume.^[@ref55]^[Table [9](#tbl9){ref-type="other"}](#tbl9){ref-type="other"} summarizes the mass flows of raw material and products generated in case B.

###### Mass Flows of Products and Raw Materials for the Simulation of Case B

  raw materials (t/y)                                                                     
  ------------------------ --------------- --------------- ---------------- ------------ -----------------------------------------
  corn stover              rice chaff      banana rachis   cassava waste    cocoa husk    
  236 112                  178 612         261 416         397 429          2623          
  products (**t**/**y**)                                                                 
  ethanol                  succinic acid   butanol         levulinic acid   hydrogen     acetone[a](#t9fn1){ref-type="table-fn"}
  22 036                   119 225         11 428          34 804           14 260       4785

Co-product obtained by ABE fermentation.

Environmental Outcomes {#sec2.5}
----------------------

The development of process simulation for the biorefinery configuration of case B allows the evaluation of the overall sustainability performance. Such examination requires information about the process performance, which is obtained from the application of technical analyses. Likewise, an environmental assessment was carried out using the WAste Reduction (WAR) algorithm methodology. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the output rate of PEI/kg of the product for toxicological categories.

![PEI rates for toxicological impact categories.](ao0c00114_0004){#fig4}

Human toxicity potential by ingestion (HTPI) and terrestrial toxicity potential (TTP) are the most impacted categories among the toxicological ones, with a corresponding rate of 0.55 PEI/kg of the product. These values are associated with the handling or processing of organic substances like ethanol, acetic acid, hydrochloric acid, among others.^[@ref56]^ Compared to the described categories, the output rate of environmental impacts for aquatic toxicity potential (ATP), with a rate of 0.12 PEI/kg of the product, is significantly lower, which means that the potential effects on aquatic systems could be moderately low. Finally, human toxicity potential by dermal exposure (HTPE) shows the best performance, posting a rate of 0.05 PEI/kg of the product, which represents that the possible emission of substances (in this process) is not highly harmful.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the environmental performance results for atmospheric categories. Acidification potential (AP) showed the highest output rate of environmental impacts with 0.30 PEI/kg of the product; this result is mainly related to the high amount of energy required for the operation of this biorefinery. WAR can evaluate a chemical process considering three different energy sources (natural gas, oil, and coal). We selected natural gas because this source has fewer environmental impacts compared with the other two options.^[@ref57]^ This result might reveal that this topology has a high demand for utilities and energy supply. Photochemical oxidation potential (PCOP) posted a rate of 0.05 PEI/kg of the product, which, along with AP, is classified as a regional atmospheric impact category. Comparing their rates with those obtained for global warming potential (GWP) and ozone depletion potential (ODP), there are more concerns about the generation of local pollution (short time) than global contamination (long time). The above is stated, considering that GWP and ODP are metrics related to the measurement of global atmospheric impacts.

![PEI rates for toxicological impact categories.](ao0c00114_0005){#fig5}

Economic Results {#sec2.6}
----------------

For the calculation of process economics, Aspen Economic Analyzer is implemented, which allows the estimation of utility, equipment, piping, and electricity costs. The overall evaluation was performed based on the calculation of the net present value (NPV), the payback period (PBP), and the return on investment (ROI) metrics.^[@ref58]^ Therefore, the calculation of the capital investment cost and the annualized operating cost is developed using the information provided by process simulation. The annual sales for the simulated biorefinery are calculated to be 581.52 million dollars, which correspond to an NPV of 268.77 million dollars, a PBP of 6.83 years, and an ROI of 32%. Luo et al.^[@ref24]^ reported that the typical ROI for this type of project could vary between 25 and 35%, which means that the modeled optimal topology presents a moderate to high economic performance, showing performance parameters among the reported standards.

Process Safety Results {#sec2.7}
----------------------

The sustainability evaluation of the optimal biorefinery assesses process safety as a third criterion for the overall valuation. This study uses the inherent safety index (ISI). This indicator evaluates the potential inherent risks associated with the industrial chemical process at the conceptual design stage.^[@ref59]^ The heuristic basis of this method relates to the assumption that considers all situations as the worst possible case. Through this approach, it is possible to describe the riskiest state that may happen during process operation.^[@ref60]^ The ISI comprises the chemical inherent safety (CIS) and process inherent safety (PIS) indexes. The first one requires information about the properties of the substances, corrosion, and reaction mechanism. This biorefinery develops several reactions and complex mechanisms; therefore, to establish a score for main and side reaction subindexes, the heat of reaction of all systems was calculated. As a result, ABE fermentation showed the highest heats of reaction for both chemical safety subindexes. In this sense, the conversion of xylose into butanol in the fermentation system is the most exothermic, showing a heat of reaction equal to −6536.16 J/g. In the case of the side reaction, the conversion mechanism of xylose into acetic acid is most exothermic, with an enthalpy equal to −6507.75 J/g. Chemical interaction between formic acid and hydroxymethylfurfural could represent a highly corrosive, toxic, and explosive mixture, which implies that the reactors and equipment require stainless steel or the best materials for their construction;^[@ref61]^ this indicator obtains a score of 2. Also, it is worth mentioning that for acid pretreatment it is recommended to use special alloys to avoid corrosion of the construction materials.^[@ref62]^ The dangerous substance subindex comprises the evaluation of toxicity, flammability, and explosivity of handled chemical compounds. Properties related to those aspects were checked in the reported safety datasheets, implying that formic acid is the most dangerous in this biorefinery configuration.

Otherwise, the PIS index evaluates the process using the operational conditions and the required equipment. The first subindex evaluated for PIS is the inventory. The calculation of this parameter assumes a retention time of 2 h. For this biorefinery, the stock is higher than 10 000 t, which corresponds to a score of 4. The gasification reaction showed the highest temperature, specifically in the gasification reaction, which operates at 750 °C and 32 atm. Also, this unit presents the most elevated pressure. The above might mean that the operation of the gasification reaction could be one of the riskiest units in the modeled biorefinery. The secure structure subindex reflects how a plant and its operational system work together in terms of inherent safety. This parameter shows a score of 3, considering that this process handles considerable amounts of mass and energy, along with the required equipment. Finally, the evaluated biorefinery design obtained a total ISI score of 36. This result reflects that this production process performs operations (and under conditions) in which this production process can be taken as moderate or highly risky. Furthermore, the above statement is confirmed considering the recommendation made by Heikkila,^[@ref60]^ which mentioned that for chemical plants, a process that claims neutral safety performance commonly shows ISI scores equal to 24 or below. [Table [10](#tbl10){ref-type="other"}](#tbl10){ref-type="other"} summarizes the posted score for all ISI subindexes.

###### Scores Assigned to ISI Subindexes for Case B

  CIS indexes            score   PIS indexes        score   ISI
  ---------------------- ------- ------------------ ------- -----
  main reaction          4       inventory          4       36
  side reactions         4       temperature        4        
  interactions           3       pressure           2        
  dangerous substances   8       equipment          3        
  corrosivity            2       secure structure   2        
  total                  21      total              15       

Energy Analysis under Process Integration {#sec2.8}
-----------------------------------------

The energy analysis was developed based on the application of energy integration to offer an arrangement of heat exchangers for reducing the demand for industrial utilities.^[@ref63],[@ref64]^ The current requirements for industrial services correspond to 2476.95 GJ/h for cooling and 1002.67 GJ/h for heating. This result represents a total requirement of 3479.62 GJ/h. The pinch analysis methodology was applied to identify the potential savings for cooling and heating, considering the heat transfer capacity of process streams setting the heat recovery approximation temperature (see the [Methodology](#sec4){ref-type="other"} section).^[@ref65]^ The pinch analysis calculates the maximum potential savings from the data of the heat that a process stream is transporting within a process stage. As aforementioned, it classifies the flows as cold or hot, allowing to know the actual energy demand.^[@ref66]^ After this, the temperature interval diagram was made, where the streams that provide their thermal loads for each temperature difference are verified. [Tables [11](#tbl11){ref-type="other"}](#tbl11){ref-type="other"} and [12](#tbl12){ref-type="other"} show the heat load of hot and cold streams of case B.

###### Heat Load of Hot Streams of Case B

  stream   ***T*****~s~** (°C)   ***T***~**t**~ (°C)   ***mC***~**p**~ (GJ/h °C)   Δ***H*** (GJ/h)
  -------- --------------------- --------------------- --------------------------- -----------------
  VAP      167                   28                    0.161                       22.322
  SOL      167                   30                    0.041                       5.659
  OUTEP    100                   30                    0.342                       23.945
  FOE      115                   30                    0.053                       4.487
  ET       140                   28                    0.066                       7.407
  SOLDS    140                   30                    0.014                       1.530
  ABEG     88                    --10                  0.025                       2.496
  SOLD     140                   30                    0.015                       1.693
  LL       180                   30                    0.022                       3.300
  F2       257                   28                    0.010                       2.414
  SOLDI7   750                   28                    78.2                        56.467
  WAOU     261                   30                    279.0                       64.450
  GAS      750                   15                    3103.1                      2280.772
  total                                                                            2476.947

###### Heat Load of Cold Streams of Case B

  stream   ***T*****~s~** (°C)   ***T***~**t**~ (°C)   ***mC***~**p**~ (GJ/h °C)   Δ***H*** (GJ/h)
  -------- --------------------- --------------------- --------------------------- -----------------
  M1       28                    190                   0.074                       --12.061
  AG1      28                    190                   0.294                       --47.681
  AGS      28                    190                   0.125                       --20.328
  MY6      28                    190                   0.015                       --2.461
  CONDE    --10                  25                    0.042                       --1.481
  RT       28                    215                   0.025                       --4.703
  KL       30                    180                   0.008                       --1.310
  ING      30                    205                   1.599                       --279.370
  UI       144                   450                   2.070                       --633.276
  total                                                                            --1002.673

Likewise, the earlier step gives the current requirement for cooling and heating, which correspond to 2476.95 and 1002.67 GJ/h, respectively. Therefore, the total demand for energy is 3479.62 GJ/h. The pinch analysis showed that the maximum potential savings are 100% for heating and 55.34% for cooling. Also, it determines the pinch point at a temperature of 750 °C. The heat exchanger network (HEN) employs a total of 22 heat exchanger units, involving 13 hot streams and 9 cold streams. This HEN design uses eight heat exchangers to operate using hot and cold streams, while the remaining 14 use the external utility supply. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} displays the HEN designed for this biorefinery. The red color identifies the hot streams (GAS, SOLD7, WAOU, F2, LL, VAP, SOL, SOLDS, SOLD, ET, FOE, OUTSEP, and ABEG), while the blue color describes the cold streams (UI, RT, ING, M1, AG1, AGS, MY6, KL, and CONDE). The reuse of the heat load of the GAS stream was possible, reducing the heating utility of seven cold streams. The above means a total reduction of 999.883 GJ/h, which, along with the reuse of the F2 stream, was possible, decreasing the needed heating utility for KL, achieving integration of 1.31 GJ/h. This arrangement allows a total reduction of 40.52% for a cooling utility and 99.85% for a heating utility. The process can lead to energy savings very close to the maximum potentials determined through pinch analysis. [Table [13](#tbl13){ref-type="other"}](#tbl13){ref-type="other"} summarizes the results obtained from the heat integration of the process.

![Designed HEN for case B.](ao0c00114_0006){#fig6}

###### Result of Pinch Analysis and Energy Integration

  item                                   heating   cooling
  -------------------------------------- --------- ---------
  utilities without integration (GJ/h)   1002.67   2476.95
  maximum potential savings (%)          100.00    55.34
  utilities with integration (GJ/h)      1.48      1003.61
  integration saving (%)                 99.85     40.52

Sustainability Evaluation {#sec2.9}
-------------------------

Some assumptions were stated to evaluate the overall sustainability of the synthesized and modeled biorefinery. It is worth mentioning that the rural area of the Department of Bolivar is a suitable location for the biorefinery. In this zone, the raw material would be available from agricultural activities, so the corresponding weighting factor considers a medium relevance. In the case of the environmental aspect, the scenario is established based on the commitments that Colombia has acquired over the different international environmental agreements. Thus, this parameter gets maximum relevance. Otherwise, taking into account the integration developed (presented before) for the optimal biorefinery, the maximum degree of importance is assigned because of the high utility supplies required in the mainstream and downstream processing. [Table [14](#tbl14){ref-type="other"}](#tbl14){ref-type="other"} displays the corresponding parameters, indicators, and weighting factors associated with each technical aspect.

###### Corresponding Parameters, Indicators, and Weighting Factors for Each Technical Parameter

  aspect          index     indicator*~i~*      indicator~target~   *w*~*i*~
  --------------- --------- ------------------- ------------------- ----------
  environmental   %RGWP     67.40%              100%                0.60
  safety          %Sfn      50%                 100%                0.20
  energy          savings   1.00 × 10^3^ GJ/h   1.00 × 10^3^ GJ/h   0.40

The application of SWROIM requires the definition of target indicators (Indicator~target~) for each technical parameter. Also, it needs the corresponding quantities of these parameters showing current process performance (indicator*~i~*). For process safety, indicator~target~ is established considering that a process is neutral in terms of inherent risks when it reports an ISI score of 24 or below. As SWROIM evaluates projects in terms of improvements, we reformulated this indicator to show how close the process is to operate at a neutral safety point. So, [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} expresses this indicator as described.%Sfn is the percentage of safety operation at a neutral point, ISI*~i~* is the inherent safety index of a project or alternative *i*, and ISI~*n*~ is the neutral reference inherent safety index (ISI~*n*~ = 24). Then, the target value for the safety indicator is equal to %Sfn = 100%. The current process safety performance of case B corresponds to an ISI = 36 (see the [Process Safety Results](#sec2.7){ref-type="other"} section). Environmental and energy targets are set, taking into account the recommendation made by El-Halwagi,^[@ref64]^ which suggested that process benchmarking techniques allow establishing the goals for sustainability indicators taking into account the best results for each parameter within the design alternatives. Therefore, such target indicators count the maximum potential energy savings from process integration and the maximum emissions in terms of CO~2~eq~~. Likewise, the improvement in the environmental performance counts the current reduction in the CO~2~ emissions (measured using GWP*~i~*) in terms of the theoretical maximum that can be generated from the case study of biorefinery production presented in this work. This value is the maximum environmental impact for the global warming potential category (GWP~max~) shown by case C, which corresponds to 3.19 × 10^7^ PEI/y. Furthermore, this design showed a current GPW = 1.04 × 107 PEI/y, according to the outcomes obtained from the environmental analysis. This indicator is calculated as shown in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.%RGWP is the reduction percentage of GWP. The aforementioned conditions imply that the evaluated targets should measure impacts in terms of better, equal, or worst performance for each aspect. The described approach helped us to set performance behaviors and target values for evaluating SWROIM. This was needed considering that the ISI and GWP evaluate and diagnose current performance for seeking opportunities of enhancements, but they do not reflect themselves an impact from a weighted estimation. Otherwise, integration savings come from the application of an improvement strategy through process integration; therefore, it has the ability to show improvement impacts, aiming at target and current performances. Likewise, process integration provided that through HEN this biorefinery can reach energy savings of 1.00 × 10^3^ GJ/h. As the evaluation of optimal biorefinery comprises environmental, energy, and safety criteria, along with the baseline economic performance, the metric uses weighting factors (*w*~*i*~) for each indicator. It represents the relative importance of the sustainability indicator *i* compared to the economic baseline parameter (in this case, it is the ROI).^[@ref67]^ Considering the performance data provided by the simulation and analysis of the optimal biorefinery, the overall sustainability of this process uses the SWROIM for estimating the performance of the whole process. [Table [15](#tbl15){ref-type="other"}](#tbl15){ref-type="other"} shows the results obtained for each used technical parameter and SWROIM for the modeled topology.

###### Calculations for SWROIM and Evaluated Technical Parameters for Case B

  scenario             AEP        TCI        GWP            ISI   energy savings   ROI     SWROIM
  -------------------- ---------- ---------- -------------- ----- ---------------- ------- --------
  unit                 \$MM USD   \$MM USD   PEI/y                GJ/h             \%      \%
  biorefinery case B   41.98      293.01     1.04 × 10^7^   36    1.00 × 10^3^     14.33   27.29

These results reveal that this project (described as case B) presents a sustainability performance of 27.69%, which is a higher value than that obtained for ROI. This result might mean that the evaluated technical parameters had moderate positive effects that yield the economic performance of the plant. Notably, there is a positive contribution associated with energy savings through the application of process integration. Otherwise, the environmental impacts derived from this biorefinery could generate adverse effects on sustainability performance, but case B reaches a significant reduction in the GWP indicator with respect to the theoretical maximum. Such behavior indicates that the outcome shown by the proposed model fits with the results of this sustainability assessment. Finally, the developed inherent safety index suggests that there are real concerns regarding the risks associated with the operation of the plant. It shows 50% of a neutral operation, which seems to be a little bit far from an adequate safety performance. This outcome is mostly due to the operational conditions and equipment required for the gasification section; thus, process sustainability is moderately affected by this aspect.

Conclusions {#sec3}
===========

In this study, an optimal biorefinery configuration was synthesized and assessed, considering a scenario for the North of Colombia. In this regard, computer-aided tools and sustainability analysis were useful to model and evaluate the developed alternative considering technical parameters. The model synthesized a multifeedstock biorefinery (case B) comprising fermentation, ABE fermentation, acid dehydration, and gasification to produce ethanol, levulinic acid, butanol, hydrogen, and succinic acid. The evaluation of case B allowed the estimation of the overall sustainability performance to diagnose and find improvement opportunities. The application of SWROIM required the simultaneous calculation of the technical parameters used to assess this biorefinery design. SWROIM showed a performance of 27.29%. The economic aspect was the most determinant feature in the result obtained with positive contributions associated with the energy integration based on the high savings that are reached by performing the HEN. This study also presented an optimization model for the selection of biorefinery processes and products under sustainability criteria. It comprises the maximization of economic profits and the minimization of environmental impacts. This work validated the model through a case study, which allows having a convenient and useful tool for the design of multifeedstock biorefineries. For future work, other studies can consider other essential parameters regarding process features and optimization model targets (such as exergy, resilience, or uncertainty parameters) and incorporate other technical indicators and metrics like exergy, process efficiency, business modeling, which allow a broader sustainability analysis. Also, the application of water recycle networks or process intensification techniques might positively contribute to the ongoing development of this field.

Methodology {#sec4}
===========

According to the reported data about the annual production information of the agroindustry for the department of Bolivar (North of Colombia), crops of cassava, corn, rice, and cocoa are the most produced products in this region. Therefore, the generated wastes from such products are taken as raw materials for biorefinery design. The agroindustry activities of north Colombia are mostly developed from the center to the south of the Bolivar department.^[@ref68]^[Table [16](#tbl16){ref-type="other"}](#tbl16){ref-type="other"} reports the data about the estimated generation of some of the most produced crops in the department of Bolivar.

###### Corresponding Parameters, Indicators, and Weighting Factors for Each Technical Parameter

  crop       production (t/y)   area (ha)   yield (t/ha)   waste generated (t/y)
  ---------- ------------------ ----------- -------------- -----------------------
  corn       167 455            108 476     1.60           236 112
  rice       70 044             24 805      2.82            
  plantain   42 514             5157        8.24            
  cassava    397 270            41 445      9.60            
  cocoa      2914               6433        0.45           2623

For a construction scenario, it is suggested that this plant should be located near agricultural production areas, which will allow better logistics management due to the availability of raw materials and their transportation.^[@ref69]^ The approach presented in this study follows the following stages: (1) raw materials, routes, and product selection (hierarchy approach), (2) mathematical formulation of the optimization model based on the superstructure approach (showing the relationship of each stage in biorefinery processing units), (3) formulation of a solution strategy, (4) synthesis of optimal scenarios, and (5) evaluation of sustainability parameters of the optimal biorefinery configuration. Otherwise, the formulation of the constraints and mass balance equations of the model implies managing variables that involve the knowledge of the operating costs, raw material prices, conversion fractions, reaction yields, among others. This data is taken from reported studies and industrial production. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the proposed step-wise methodology for the development of this study. The first step of the model allows generating process flowsheets considering well-defined conditions for a case study under economic and environmental objectives. Due to the simplicity and the assumptions made to develop the above point, the outcomes of that optimization cannot completely be used as a truthful diagnose of the synthesized process design. That is why we included a second stage of the methodology (sustainability assessment), which allows evaluating and obtaining more detailed data about the technical performance of the biorefinery.

![Proposed step-wise methodology for synthesis and evaluation of the multifeedstock optimal biorefinery.](ao0c00114_0007){#fig7}

Model Formulation {#sec4.1}
-----------------

The optimization model presented in this work considers a set of available *b* bioresources (biomass feedstock), which can be converted into *k* different products through *p* process routes, where one option to obtain the desired products is not necessarily used. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the generalized scheme of the superstructure for the selection of optimal pathways in a biorefinery configuration. The relationship between the available bioresources, process routes, and the desired product is given by a conversion factor (β) that refers to the efficiency of product formation from raw materials. The superstructure represents a variety of available options for process technologies, raw materials, and products and allows addressing the task to reach the best selection, taking into account economic and environmental criteria. Also, it considers the market demand for biorefinery products, which is a crucial constraint regarding the proposed optimization. This step corresponds to the biorefinery configuration synthesis stage, according to the methodology shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. It comprises the application of the green-chemistry principles through the use of renewable resources, the formulation of a mathematical structure for synthesizing biorefinery pathways, and the consideration of sustainability objectives.

![Generalized scheme of the superstructure.](ao0c00114_0008){#fig8}

On the other hand, the complexity of the model (and its solution) depends on the available options. Santibañez-Aguilar et al.^[@ref5]^ mentioned that those formulations, which involve biomass transformation through biorefinery routes to biofuels and chemical derivatives, present nonlinearities that generate problems of nonconvergence. Thus, for this optimization formulation, a black-box model is considered, which allows linearizing the material balance equations. Therefore, these expressions can be set as a ratio between the mass flow of products, reactant flow, and a constant of proportionality that represents the overall efficiency or conversion. The scheme of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} permits to establish inlet and outlet variables for the mass balance according to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.where *J*~*bp*~^*k*^ represents the mass flow of product *k*, which is obtained through process *p* and from bioresource *b*, with a conversion yield β~*bp*~^*k*^. This conversion factor refers to the amount of the product obtained from a specific raw material or substrate. *F*~*bp*~^*k*^ represents the mass flow of the raw material that enters the process path *p* to produce product *k*.

Market Demand for Biorefinery Products {#sec4.2}
--------------------------------------

A critical restriction in the optimization model comes from establishing or considering the needs of biorefinery products to avoid product flows higher than those required and optimize resources and guarantee sustainable use of these. [Equation [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} shows the market demand restriction in mathematical terms.where *J*~*k*~^max^ represents the market demand for product *k*. The model needs to evaluate different scenarios for maximum production or market demand for each biorefinery product, considering the amount of waste available for this restriction to be significant in the model.

Objective Function {#sec4.3}
------------------

The objective function for the formulation of the optimization model simultaneously considers environmental and economic criteria and is expressed as follows in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}where OF represents the multiobjective function of optimization, *E* represents gross profit, and IA the potential environmental impacts. The gross profits refer to the value of the total net income that is obtained from the sales of the products minus raw material and processing costs. [Equation [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} shows the mathematical expression to evaluate economic performance.where *C*~*k*~ represents the net price of product *k*, *C*~*b*~ the cost of the raw material *b*, and *C*~*kbp*~ the cost of the process of route *p* to produce product *k* from bioresource *b*. The parameter *C*~*kbp*~ includes total operating and annualized capital costs. Operational costs are related to the supply of chemical substances, energy, and expenses for supervisory work, operators, among others.

Regarding the measurement of environmental impacts, WAR GUI software, which was developed by the United States Environmental Protection Agency (USEPA), was used to perform the environmental impact assessment of the biorefinery configuration according to atmospheric and toxicological impact categories.^[@ref70]^ This objective considers the potential impacts derived from the use of raw materials along with the effects associated with the selected processing routes and the generated biorefinery products. The environmental objective function is shown in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}where *A*^*k*^ and *A*~*p*~^*k*^ represent the potential impacts of the product *k* and the potential of the process path *p* to obtain *k*, respectively. Finally, *A*~*b*~ is the PEI of bioresource *b*. The measurement of potential environmental impacts of raw materials considers the concentration of carbohydrates in each biomass-based waste and the data reported by WAR GUI for cellulose, hemicellulose, and lignin.

Environmental Evaluation {#sec4.4}
------------------------

For environmental assessment, the WAR methodology was selected. The WAR introduces the concept of PEI, which calculates the effects derived from a random discharge or emission of a substance on the environment.^[@ref71]^ The above implies that a release would have quantizable effects on the surroundings, which count as potential environmental impacts. Potential environmental impact is a probabilistic and conceptual quantity that is not possible to be measured directly. Nevertheless, it can be estimated from measurable or estimable quantities.^[@ref72]^ The main advantage of this method is associated with its capacity to quantify the PEI generated within a chemical process. Also, it allows the estimation of the rate at which environmental impacts enter or leave a chemical process.^[@ref73]^ The WAR assesses chemical processes by the evaluation of eight impact categories, which include toxicological and atmospheric categories. In this sense, WAR uses the following parameters to evaluate a chemical process: Human toxicity potential by ingestion, Human toxicity potential by dermal exposure, terrestrial toxicity potential, aquatic toxicity potential (toxicological group), global warming potential, ozone depletion potential, photochemical oxidation potential, and acidification potential (atmospheric group).^[@ref74]^ As aforementioned, the WAR evaluates the PEI emitted by a chemical process or system, which represents the rate of total output environmental impacts. It can be expressed in PEI/h or PEI/kg (of the product). [Equation [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} shows the expression to calculate the total output rate of PEI on a time basis, while [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} displays the total output rate of PEI on the mass of the product basis.

Here, *I*~out~^(*t*)^ and *I*~out~^(*m*)^ are the total output rate of PEI/h and the total rate of PEI/kg of the product due to chemical interactions within the system, respectively. *I*~in~^(*cp*)^ and *I*~gen~^(*cp*)^ are the total inlet rate of PEI and the total generation of PEI, respectively. α~*i*~ is the weighting factor of the impact category *i*; *M~v~*^(in)^ and *M~v~*^(out)^ are the input and output mass flows of stream *v*, respectively; *X*~*a*~ is the mass fraction of a component *a* in the stream *v*; ψ~*a*~ is the overall potential environmental impact of substance *a*; and *K*~*k*~ is the mass flow rate of product *k*.^[@ref75]^ The WAR algorithm uses both [eqs [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} and [9](#eq9){ref-type="disp-formula"} to calculate the PEI balance for a well-bounded or defined process.

Economic Evaluation {#sec4.5}
-------------------

This criterion is evaluated considering the estimation of the net present value (NPV), payback period (PBP), and return on investment (ROI) metrics. In this sense, the calculation of these parameters requires the knowledge of economic indicators such as total capital investment (TPI), annualized operational cost, among others.^[@ref76]^ These costs are estimated, taking into account the information provided by process simulation.^[@ref77]^ The approach assumes a construction period of 3 years to establish a baseline for economic evaluation. In the first year, 10% of the capital cost related to engineering and construction is spent, 80% for the second year, and the total capital is completely used until the third year.^[@ref24]^ The biorefinery operates at 75% of its maximum for the third year (actually, it is its first year of operation). It produces at its maximum capacity for the rest of the plant life.

Inherent Safety Evaluation {#sec4.6}
--------------------------

The third evaluated criterion in the sustainability assessment is the inherent safety of the optimal biorefinery configuration. The safety assessment is applied through the inherent safety index (ISI) method, which assesses the inherent risks associated with the operation of a chemical process. The ISI method has the advantage that it can be used at the conceptual design stage. It is an essential feature compared with other methodologies that require more detailed data, which is not always available in early engineering design stages. The inherent safety index takes into account the contribution of the CIS and PIS. [Equation [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} calculates the score of both subindexes as follows.^[@ref59]^The ISI considers chemical factors and properties that could affect the inherent safety of the process. Therefore, it evaluates parameters like chemical reactivity, flammability, explosivity, toxicity, corrosivity, among others. Otherwise, the ISI estimates the inherent risk about process operations considering pressure, temperature, equipment safety, inventory, and secure structure. [Equations 12 and](#eq12){ref-type="disp-formula"}[13](#eq13){ref-type="disp-formula"} show the parameters referring to the inherent chemical safety and process safety indicators, respectively.where *I*~RM~MAX~~ and *I*~RS~MAX~~ are the indexes for the main and side reactions, respectively. *I*~INT~MAX~~ is the chemical interaction index, (*I*~FL~ + *I*~EX~ + *I*~TOX~)~MAX~ is the total dangerous substance index, and *I*~COR~MAX~~ is the corrosivity index. In the case of PIS, *I*~I~ is the inventory index; *I*~T~MAX~~ and *I*~P~MAX~~ are the maximum process temperature and pressure indexes, respectively; *I*~EQ~MAX~~ is the equipment safety index; and *I*~ST~MAX~~ is the secure structure index. The safety assessment through the ISI methodology is developed assuming the worst possible scenario or situation, and this approach is likely to describe the riskiest situations that might occur during process operation.^[@ref78]^

Energy Integration {#sec4.7}
------------------

Energy performance is a crucial aspect that has to be taken into account for the evaluation of process sustainability. The energy assessment is developed by energy integration along with the application of pinch analysis and the design of a HEN.^[@ref79]^ This approach allows the reduction of requirements for external heating and cooling utilities through the principles of the first and second laws of thermodynamics and heat transference. The task is reached, taking advantage of the energy integration potential of hot and cold streams of the process. Otherwise, pinch analysis determines these saving potentials. It uses the thermal information of the process to determine the maximum savings that can be reached by a network of heat exchangers.^[@ref80]^ The pinch analysis comes from an initial condition related to the transference between a hot stream and a cold stream. The system reaches equilibrium when the temperature of these streams is equal (see [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"}).*T* is the temperature of the hot stream, and *t* is the temperature of the cold stream. As it is well known, to reach this thermal equilibrium, the heat transference area tends to infinite. Thus, the system has to consider a differential of temperature potential (considered as Δ*T*~min~), which involves the cold and hot temperatures as follows in [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}.[Equation [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"} ensures that the process integration (and the heat transference) takes into account the restriction of the second law of thermodynamics. Otherwise, Δ*T*~min~ can be used to tradeoff the operating and capital costs. This study uses a Δ*T*~min~ = 10 °C, which has worked with reliable and positive outcomes for developed heat integration in previous works.^[@ref65],[@ref81]^ The method follows with the construction of the cascade diagram, which gives a list of exchangeable loads for each temperature interval and the information about the minimum heating and cooling requirements.

The following step is the design of the heat exchange network that satisfies the identified minimum energy requirements. The method splits the problem between the heat exchange below the pinch and above it. The target value for the number of heat exchanger units to achieve potential savings is the sum of the number of units below and above the pinch point. The integration takes into account some matching rules considering the pinch point, the number of units below and above the pinch, the flow rates per specific heat (also called FCp) of each available stream, and the Δ*T*~min~.

Sustainability Assessment Methodology {#sec4.8}
-------------------------------------

To determine the sustainability performance of the synthesized optimal biorefinery, the approach proposed in this study implies the evaluation of environmental, economic, safety, and energy parameters. As aforementioned, these technical indicators are evaluated using computer-aided process engineering (CAPE) tools. For accomplishing this goal, the SWROIM~T~ is used to provide a single value that shows the overall sustainability performance. The calculation of this parameter follows the expression shown in [eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"}.*w*~*i*~ is the weighting factors of sustainability indicator *i*; indicator~i~ and indicator~target~ are the current and target values of sustainability indicator *i*, respectively; AEP is the annual net profit; and TCI is the total capital investment. The assignation of values for *w*~*i*~ mainly depends on the priority of the decision-makers.^[@ref82]^ This study proposes some directions for establishing such weighted factors or assignations. It is crucial to understand how this weighting factor works; a value of *w*~*i*~ = 1 means that the technical parameter has the same relevance for the designer as the annual net profit of the project (AEP), then values below this number are related to a lower importance, while a value above 1 implies a higher significance. The assignation for process safety parameters can be established considering the potential hazards derived from biorefinery operation, which can affect the engineers, operators, and staff. Also, depending on the size and the type of processes, the population surrounding the location of the plant can be affected, which would imply developing important safety and contingency measures. If the plant location is near to an urban area of a city with high population density, the importance of safety performance becomes maximum, so a project characterized by being high risk would negatively affect the economy and sustainability of the plant. This implies that the ISI indicator is set as negative within the SWROIM calculation. For urban areas, a *w*~*i*~ = 0.5 is recommended, while for industrial and rural zones, the weighting factor takes values of 0.35 and 0.20, respectively. The above consideration is supported because process safety has been used as a tool for measuring the societal component^[@ref83]^ in the triple dimension of sustainable development.^[@ref18]^

The energy parameter related to the evaluation of process sustainability is established under the results of the energy integration developed for case B. The method applied allowed the optimization of heat streams of the process, achieving a significant reduction in the requirements of industrial utilities so that the savings of the energy integration positively affect the economic performance of the project, and the relative importance of energy criteria is based on the heat savings of the integration. If a design has a high demand for industrial utilities, the application of heat exchange networks becomes crucial. In this sense, the energy integration of those processes with lower requirements would be less relevant in the economy and performance of the sustainability of an engineering project. Taking into consideration the above, [Table [17](#tbl17){ref-type="other"}](#tbl17){ref-type="other"} reports the recommended values for *w*~*i*~ in the case of energy integration.

###### Recommended Weighting Factors for the Energy Parameter

  energy requirements   relevance   *w*~*i*~
  --------------------- ----------- ----------
  high                  maximum     0.40
  mid                   moderate    0.27
  low                   moderate    0.18
  very low              minimal     0.10

The evaluation of sustainability contemplates the efforts for the reduction of GHG emissions in engineering projects. The carbon dioxide equivalent (CO~2~eq~~) is the unit used for estimating GHG emissions and is also a measure of GWP. This implies that the weighting factor for this parameter takes negative values, since high amounts of CO~2~eq~~ have more significant impacts on the environment.^[@ref84]^ Therefore, the assignation of *w*~*i*~ for this criterion indicates the degree of compliance with the commitments entered in the framework of international environmental agreements, and for Colombia, the government regulates the economic activities and their impacts on the environment. Such normativity establishes sanctions for those companies that generate emissions above the permissible limits set by the law. [Table [18](#tbl18){ref-type="other"}](#tbl18){ref-type="other"} shows the recommended weighting factor for the environmental aspect.

###### Recommended Weighting Factors for the Safety Parameter

  compliance with environmental regulations   relevance   *w*~*i*~
  ------------------------------------------- ----------- ----------
  high                                        maximum     0.60
  mid                                         moderate    0.45
  none                                        minimal     0.25
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TPA

:   tones per annum

LA

:   luvulinic acid

HMF

:   hydroxymethylfurfural

ACD

:   acid-catalyzed dehydration

NRTL

:   nonrandom two liquid

PEI

:   potential environmental impact

EPA

:   Environmental Protection Agency

HTPI

:   human toxicity potential by ingestion

HTPE

:   human toxicity potential by dermal exposure

ATP

:   aquatic toxicity potential

TTP

:   terrestrial toxicity potential

GWP

:   global warming potential

ODP

:   ozone depletion potential

PCOP

:   photochemical oxidation potential

AP

:   acidification potential

CIS

:   chemical inherent safety

PIS

:   process inherent safety

ISI

:   inherent safety index

FYP

:   fraction yield to product

WAR

:   waste reduction algorithm

TLV

:   threshold limit values

ISBL

:   inside battery limits

OSBL

:   outside battery limits
